Virtual worlds, such as Second Life, are computer-simulated spaces divided into multiple regions, in which each user controls an avatar to perform actions (such as run and fly) in order to interact with other users. Second Life incurs diverse traffic patterns in different regions and with different actions. Hence, we propose region-and action-aware Second Life clients, which adapt to and take advantages of the diverse traffic patterns for user-specified optimization criterion, such as high visual quality, low energy consumption, and short response time. To achieve this, we develop a parameterized traffic model to predict Second Life traffic patterns. We systematically derive the traffic model parameters using public Second Life traces [1], and we validate the model accuracy using another set of real network traces. To the best of our knowledge, region-and action-aware virtual world clients have never been considered in the literature. In addition, the proposed parameterized traffic model is of interest in its own right to various parties, including: (i) virtual world developers, (ii) researchers, and (iii) Internet Service Providers (ISPs).
INTRODUCTION
Virtual worlds [2] [3] [4] are experiencing rapid growth due to its tremendous potential in the areas of education, business, and entertainment. Second Life, as one of the most prominent virtual worlds, has gained huge momentum on popularity. Second Life had almost one million users in August 2010 [5] , and its total economy scale reached 567 million US dollars in 2009, which is 65% higher than the preceding year [6] . Major companies and organizations like US Army, Time Warner, and Walt Disney are adopting Second Life for training, teleconference, and marketing [7] .
Second Life is a computer-simulated space consisting of multiple regions. Users use clients to join the virtual world as avatars, and interact with other users via various actions, such as walk and fly. Unlike online games, Second Life features a dynamic environment built by user-generated contents.
Users create 3D structures, including their own avatars, in Second Life, and upload resources such as textures, audios, and videos for these 3D structures. User-generated contents have to be downloaded on-demand and different regions and actions lead to drastically different network traffic statistics. For example, within the same area of a region, a standing avatar incurs less traffic than a flying avatar; moreover, for the same action, an avatar in a downtown area imposes more traffic than another avatar in a rural area. Our analysis shows that current region and user action have direct implications on future network requirements. Therefore, we propose novel Second Life clients, which infer traffic statistics from current region and action, and leverage the statistics for various optimization criterion. We refer to the proposed clients as regionand action-aware Second Life clients.
To achieve region-and action-aware Second Life clients, it requires a traffic model that accurately predicts the traffic statistics in different regions and with various actions. However, the existing Second Life models [8, 9] are trace-specific, which means model parameters are estimated for an alreadycaptured network trace, and thus cannot be used to predict future network traffic. To address this limitation, we propose a general, parameterized traffic model to predict the two important traffic characteristics: packet size and packet interarrival time. We systematically derive the model parameters, and validate the model accuracy using real traffic traces collected from Second Life. This paper has two main contributions.
• We propose region-and action-aware Second Life clients that leverage a parameterized traffic model to optimize the client performance based on various criterion such as visual quality, energy consumption, and response time. Region-and action-aware Second Life clients have not been considered in the literatures.
• We develop the first parameterized traffic model for Second Life, which is of interest in its own right, because: (i) software developers may use it to optimize virtual worlds, (ii) researchers may use it to conduct realistic simulations, and (iii) Internet Service Providers (ISPs) may use it to better engineer their networks. The rest of this paper is organized as follows. In Sec. 2, we show the diversity of Second Life network traffic statistics. We present region-and action-aware Second Life clients in Sec. 3. Sec. 4 presents the proposed parameterized traffic model. We validate the model in Sec. 5, and we review existing Second Life traffic models in Sec. 6. Sec. 7 concludes this paper.
DIVERSITY OF SECOND LIFE TRAFFIC CHARACTERISTICS
In our earlier work [1] , we randomly selected 125 heterogeneous Second Life regions and collected network traces under six different avatar actions: stand, yaw, walk, run, fly, and teleport, on Aug 25, 2010. Each raw trace file was then converted into a human readable trace file and made public. We use the traces and utilities [1] to study the Second Life traffic statistics.
Implication of Regions
Second Life regions have quite diverse object/avatar counts. Object/avatar count can be defined in two ways: global and local. Global count refers to the number of objects/avatars in each region, which is sent from servers to each client in SimStats packets. Local count only accounts for nearby and visible objects/avatars, and is derived from ObjectUpdate packets sent by the servers. We compute the mean downlink throughput of 125 walk experiments within different regions. We plot the local object count vs. mean downlink throughput in Fig. 1 , which shows that the throughput increases with the local object count. This figure shows that the network throughput varies in different regions, and the local object count has a clear correlation with traffic patterns. In our analysis, we found that (not shown in this figure) global object count imposes less significant impact on network throughput. We believe this is due to the occlusion culling mechanism [10] , as only the objects viewable to the avatar are sent by the Second Life servers.
The number of avatars is usually very low and does not directly affect Second Life network traces. For example, our analysis indicates that the average local avatar count is 1.59 across all 125 regions. This is inline with previous work, e.g., Varvello et al. [11] report that 45% of regions are empty, while only 2% of them have global avatar counts higher than 20. Hence, we do not consider avatar counts in the rest of this work.
Implication of Actions
We collect network traces in Tokugawa for six times. Each time, the avatar idles for 120 secs before performing one of the six actions for 60 secs: stand, yaw, walk, run, fly, and teleport. Fig. 2 illustrates the downlink throughput of the experiments. In all experiments, the throughput converges to below 100 kbps after about 50 secs. This indicates that objects surrounding the entry point of Tokugawa can be downloaded in 50 secs, and the network traffic between 50 and 120 secs are mostly game-state updates. This figure also shows that different actions result in different traffic patterns, e.g., run ( Fig. 2(b) ) leads to more traffic than stand ( Fig. 2(a) ).
REGION-AND ACTION-AWARE CLIENTS
We propose region-and action-aware clients to leverage on diverse traffic statistics for optimizing the client performance. Various performance metrics, including visual quality, energy consumption, and response time, can be considered as optimization criterion by the proposed client. For a concrete example, consider a mobile device connected to two access networks, where the first access network has a lower network capacity but is more efficient in terms of per-bit energy consumption; while the second access network has a higher network capacity but is less energy efficient. A region- and action-aware Second Life mobile client can dynamically select the best access network to minimize the energy consumption without overloading the selected access network. To achieve this, we develop a general traffic model in the next section. Second Life can potentially congest the underlying network with lower bandwidth. Previous work shows that textures consist majority of the traffic for Second Life [1] . Region-and action-aware clients can request the servers to down-sample textures when the predicted traffic amount exceeds the available capacity. Hence region-and actionaware clients can effectively alleviate network congestion by slightly reducing the texture quality when necessary.
A PARAMETERIZED TRAFFIC MODEL FOR SECOND LIFE
Modeling traffic of networked games has been considered in the literature. For example, Borella [12] shows that the λ 2 test [13] is more suitable to evaluate traffic models for networked games. This is because, compared to other tests such as χ 2 or Kolmogorov-Smirnov (K-S), λ 2 test is less biased against large datasets. We therefore adopt λ 2 test in this work. We concentrate on the downstream traffic in this section since it accounts for 92.92% of total throughput across all the traffic traces.
Inter-arrival Time
Selection of probability distribution. In our experiments, we find that the inter-arrival time can be well-modeled by a bimodal distribution:
where φ is the weight, and f L (·) and f U (·) are lower and upper distributions, respectively. We believe bimodal distributions work well for inter-arrival time because the network traffic consists of both highly periodic game-state updates and bursty multimedia downloads. We consider six representative lower/upper distributions: Lognormal, Beta, Gamma, Extreme, Weibull, and Gaussian. Let D denote the set of samples. We systematically compute the optimal distribution as follows. We try various weight φ values at step 0.1%. For each φ, we split the data samples D into two groups: (i)
to quantify the discrepancy between the model and the input network trace. Finally, we return the distributions and parameters that lead to the smallest λ 2 value. We compute the optimal distributions for traces from 125 regions and 6 actions. We observe no clear correlation between the optimal distributions and actions. Hence, we compute the average λ 2 across all experiments, and pick the distribution with the smallest mean λ 2 value. We found that the best distribution is the combination of Gamma and Lognormal, which results in a λ 2 value of 0.16; the worst distribution is the combination of Lognormal and Extreme, which leads to a λ 2 value of 3.24. Therefore, we write the lower distribution as:
where Γ(α) is the gamma function, α L and β L are the shape and scale parameters, respectively. We write the upper distribution as:
where µ U and σ U are the mean and standard deviation of the variable's natural logarithm. Derivation of model parameters. Table 1 shows that the mean value and 95% Confidence Interval (CI) of each distribution parameter (except weight φ). This table shows that the ranges of most parameters are fairly small. Therefore, we propose to simplify the traffic model by approximating model parameters with their mean values. We found that the range of φ is larger than other model parameters. Hence, we develop a parameterized model φ in the following, which can absorb part of approximation errors due to the aforementioned simplification.
Parametrized model for weight φ. With the distributions in Eqs. (2) and (3), and mean parameters, we compute 
where d is the local object count. We give the γ values in Table 2 . We also plot the cubic functions of different actions in Fig. 3 , which reveals that different actions lead to different weight models. Last, we compute the λ 2 values of the proposed model over all 750 traces, and plot the CDF curve in Fig. 4 . This figure illustrates that our model closely matches the actual network traces from diverse regions and actions: all λ 2 values are below the target threshold of 1.2 [12] .
Packet Size
We compute the frequencies of individual packet sizes in the network traces. For each action, we identify dominating packet sizes with frequencies higher than 5%, and we call other packet sizes residue packet sizes. We observe that packets with the same dominating packet size have the same Second Life packet type. More specifically, across all actions, ImagePacket (1027 bytes), AttachedSound (61 bytes), PacketAck (15 bytes), and LayerData (81 bytes) are the dominating packet sizes 2 . Furthermore, there are more than a thousand residue types in the network traces, while each type represents an insignificant portion of traffic. 2 We interchangeably use size and type in this section. We propose to model the packet size by separately modeling dominating and residue packet types. For each dominating type, we model its frequency as:
where d is the local object count, t is a dominating packet type, and δ's are quadratic parameters. Table 3 gives the parameters derived from the network traces. We plot the quadratic functions of ImagePacket in Fig. 5 , which shows that different actions result in different frequency models. For residue type, we calculate the total residue frequency using Eq. (5) and Table 3 , and equally divide it among all residue types. We compute the λ 2 values of the proposed model, and plot the CDF curve in in Fig. 6 . This figure shows that our model follows the actual network traces well: more than 98.5% of experiments have λ 2 values below 1.2.
MODEL VALIDATION
We have implemented a synthetic traffic generator based on the proposed traffic model in Matlab. For comparison we have also implemented an existing traffic model [8] , which is denoted as Current in figures. For fair comparison, we employ the model parameters given in Antonello et al. [8] . We did not compare our model against another traffic model [9] , because it consists of several manually-chosen parameters, and their values were not reported. We use the utility presented in [1] to collect network traces from random regions chosen from an online database 3 and with random avatar actions. We consider the 372 network traces gathered on Oct 12, 2010, where each trace lasts for one minute. We compute the local object count of each network trace. We then generate two synthetic traces using the two traffic models, respectively. Last, we compare each synthetic trace against the real network trace, and compute its λ 2 values for inter-arrival time and packet size. We plot sample λ 2 values as CDF curves in Fig. 7 . This figure reveals that the proposed model outperforms the current one, e.g., Fig. 7(b) shows that the current model always leads to λ 2 values larger than 0.2, while the proposed model results in λ 2 values smaller than 0.2 for more than 95% of the network traces. Next, we compare the overall λ 2 values of the proposed model and the current one in Fig. 8 . This figure shows that the proposed model outperforms the current one for all actions. On average, the current model has a λ 2 value of 0.37, while the proposed model achieves a λ 2 value of 0.19.
RELATED WORK

Network Traffic Model
Two studies [8, 9] have been conducted in the effort to model the network traffic of Second Life. These two models are trace-specific, as the model parameters are derived in traceby-trace basis. In contrast, our traffic model is parameterized and is applicable in different regions and with different actions.
Antonello et al. [8] collect network traces from two regions. Following the traffic analysis method proposed in [12, 13] , they model each traffic trace in three steps. First, they plot inter-arrival time and packet size and manually choose a distribution or a mixture of up to four distributions. Second, they estimate model parameters using MLE. Third, they examine the goodness-of-fit using λ 2 tests [13] and visual inspections. Their λ 2 test results indicate that a given model fits a specific input trace well, and different traces tend to be modeled by different distributions.
Ferreira and Morla [9] integrate inter-arrival time and packet size into a single model. They first separate the network trace into multiple subsets, where packets in each subset have the same size. They then model the inter-arrival time of each subset using a Gaussian distribution. If more than 30% of packets have inter-arrival time 30% larger than the mean value, a bivariate Gaussian mixture is used instead. Furthermore, to model packets with inter-arrival time smaller than 6 ms, the model is heuristically adjusted based on some visual inspections. They apply this model on 500 packets from a single network trace, and find that the resulting model closely follows the input trace.
Avatar Mobility Model
La and Michiardi [14] and Liang et al. [15] build crawlers that traverse through many regions of a virtual world and collect information about avatars. They use the collected traces to derive mobility models of avatars, which are complementary to the parameterized traffic model proposed by us.
CONCLUSIONS AND FUTURE WORK
We proposed region-and action-aware Second Life clients that work with different optimization criterion, including high visual quality, low energy consumption, and short response time. We instantiated a region-and action-aware Second Life client that minimizes the energy consumption of a mobile device. To realize region-and action-aware Second Life clients, we developed a parameterized Second Life network traffic model. In contrast to existing trace-specific models [8, 9] , our model is general in the sense that it works for various regions and different actions. We showed that our model generates realistic network traces: it achieves a small average λ 2 value of 0.19, which is 50% smaller than that of a state-of-the-art model [8] . Last, despite our analysis was based on Second Life traces, the proposed methodology is also applicable to other virtual worlds.
We are actively working on a prototype of the proposed energy optimized mobile Second Life client, which dynamically selects the energy efficient access network based on the proposed Second Life traffic model. Other optimization criterion are also under investigations.
